‘^■’1 


c 

c. 


REPORT  1180-7 


FINAL  REPORT 

16  S«pt«mb«r  i960  to  15  Soptombor  1961 


STUDY  OF  ELECTROMAGNETIC  WINDOW 
DIELECTRIC  TECHNIQUES 


ANTENNA  LABORATORY 
DEPARTMENT  OF  ELECTRICAL  ENGINEERING 
THE  OHIO  STATE  UNIVERSITY 


15  SEPTEMBER  1961 


AERONAUTICAL  SYSTEMS  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
UNITED  STATES  AIR  FORCE 
WRIGHT-PATTERSON  AIR  FORCE  BASE 
OHIO 


ASD  TECHNICAL  REPORT 


FINAL  REPORT 

16  S«pit«R)b«v  i960  to  15  Soptombor  1961 

STUDY  or  ELECTROMAGNETIC  WINDOW 
DIELECTRIC  TECHNIQUES 


Antonao  Laboratory 
Dopartmont  of  Elactrical  Enginaoring 
Tha  Ohio  Stata  Uaivaraity 


15  Saptambar  I96I 


Raconaaiaaanca  Laboratory 
Aaronautical  Syatama  Division 
Air  Forca  Systams  Command 
Unitad  Statas  Air  Forca 
Wright-Pattaraon  Air  Forca  Baaa 
Ohio 


Contract  Numbar  AF  33(616)-7614 
Projact  Numbar  1(670>4161) 
Task  Numbar  42039 


Aaronautical  Syatama  Division 
Air  Forca  Systams  Command 
Unitad  Stata  a  Air  Forca 
Wright-Pattaraon  Air  Forca  Baaa 
Ohio 


1180-7 


i 


ABSTRACT 


A  itttdy  hat  b««a  mad*  of  tho  porformaaeo  of  aa  oloetroiiie<*t«aa 
aattana  odioa  motmUd  ia  a  qaadripod*  Moataromoakt  hart  booa  oMaiaod 
alto  of  tho  diffraetioa  bp  othor  auital  objoctt  ia  froat  of  aa  aattaaa*  Good 
agroomoat  it  obttrrod  botwooa  tho  moaturomoatt  aad  thoorotieal  rotultt 
obtaiaod  with  tho  aid  of  a  digital  eompotor*  Tho  eompotor  program  it 
dotigatd  to  prodiet  tho  offoctt  of  motal  tv^pportiag  ttroetarot*  pStot 
boomt*  aad  iafrarod  tyttomt  which  may  bo  moaatod  ia  froat  of  a  radar 

Two  toehaiquot  haro  booa  dovolopod  for  tho  aaalytia  aad  dotiga  of 
iahomogoaoottt  radomot,  Stop-by-otop  aumorieal  iatograticm  it  atod  ia 
catot  whoro  tho  pormittivity  gradioat  it  largo.  Tho  WKB  mothod  ia  moro 
coavoaioat  aad  ia  aecorato  whoa  tho  pormittivity  gradioat  it  aaaall. 

Thoto  toehaiquot  art  utoful  ia  aaalyaiag  tho  offoett  of  thormal  gradioata 
oa  radomo  porforamaeo*  aad  ia  dotigaiag  broadbaad  radomoa  with 
variablo  doatity  or  variablo  loadiag. 

Tho  faetora  affootiag  tho  powor-haadliag  capacity  of  a  radomo  aro 
coatidorod  briofly.  Tho  powor-haadliag  capacity  ia  goaorally  liaaitod  by 
thormal  failuro  rathor  thaa  voltago  broakdowa  ia  tho  radomo. 

A  turvoy  of  rocoat  radomo  litoraturo  iadicatot  tho  aood  for  aa 
vV»to>dato  aupplomoat  to  tho  roport  ‘’Toehaiquot  for  Airborao  Radomo 
Ooaiga". 
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rORSWORD 


This  rsport  was  prsparsd  by  Ths  Ohio  Stats  Unlvsrsity  Aatsaaa 
Laboratoryi  on  Air  Fores  Contract  AF  33(616)>76i4,  uaflsr  Task 
Numbsr  42039  of  Projsct  Nambsr  1(670-4161))  "Study  of  Elsctromagnotie 
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rniAL  BNQXNBBRZNG  RBPORT 


L  XNTEORATED  RADOMB-8CANNXR  TBCHNIQUBS 

Und«r  pravlotts  radom*  coatractt*  taehaiqtMs  w«r«  d«y«lop«d  ter 
the  oaifiad  d«siga  o£  raiateread  aoae  coaaa  with  meehaaiealoaeaa  aateaaai. 
Now  «l«etroaie-ieaa  ayatoma  muat  ba  iatroduead  aa  aooa  aa  poaaiUa  to 
kaap  up  with  tha  iacraaaad  apaada  of  our  vahiclaa  aad  thair  targata*  iaad 
to  raduca  vulaarablUty  to  Januniag*  Tharatera,  tha  uaifiad  daaiga  of  ra- 
laforead  aoaa  coaaa  a^h  alactroaic  acaaaara  waa  iavaatigatod. 

A  aaw  aoaa  eoaa  atructuro  waa  daaigaad  aad  built.  Aay  aambar  of 
metal  riba  caa  readily  ba  attached  oa  tha  coaa  to  form  a  tripod,  quadripod 
or  multipod  atructura.  Tha  riba  may  help  aupport  a  radoma,  coavay 
eooliag  fluid  to  tha  radoma  aurteca,  aad  provide  coaaaetioaa  to  a  pttot 
boom  aad  iafrarad  ayatam.  Furthermore,  tha  metal  frame  of  atraight 
riba  aad  circular  riaga  will  aimj^ify  tha  problem  of  attaching  tha  radoma 
to  tha  aircraft  frame.  Xt  may  even  permit  tha  radoma  to  ba  fabricated  ia 
aactioaa}  thaaa  aactioaa  would  ba  held  in  place  by  the  metal  frame. 

Maaauramanta  ware  made  to  datarmina  tha  affacta  of  tha  quadripod 
on  tha  pattern  of  aa  alactroaic -acan  aataaaa.  Tha  antaaaa  consiata  of  aa 
array  of  traveling -wave  alota.  Scanning  ia  accompliahad  in  one  plana  by 
varying  tha  frequency. 

It  waa  found  that  tha  metal  riba  of  tha  quadripod  introduced  ripplaa 
ia  tha  pattern,  but  it  ia  baliavad  thia  affect  can  ba  reduced  by  aa  improved 
antanita  daaiga. 

Another  antenna  waa  daaigaad  and  ia  now  under  conatructioa.  ft 
conaiata  of  a  parallal-plata  waveguide  which  radiataa  through  arraya  of 
holaa  in  one  plate.  Tha  paraUal-plata  region  ia  fad  by  a  aiagla  waveguide 
ia  a  manner  yielding  a  daairable  input  impedance  match.  Tha  antenna 
beam  will  acan  in  one  plane  aa  tha  frequency  ia  varied,  and  the  parallel- 
plate  region  ia  dielectric  filled  to  incraaae  tha  angular  acan  par  unit 
frequency  change.  When  thia  antenxui  ia  completed,  it  ia  planned  to  mount 
it  in  the  quadripod  aad  meaaure  the  far-field  patteraa  at  varioua  frequenciea. 

Soma  aapacta  of  tha  atudy  of  imagratad  radoma-acanaer  techaiquea 
are  deacribed  ia  Report  1180-2,  * 

Much  of  the  work  outlined  ia  the  next  Section,  nQiffractioa  by 
Obataclea  in  tha  Fraaael-Zona**,  ia  directly  applicable  to  integrated 
radome-acaanar  daaiga. 


n.  DZTFRACTION  BY  OBSTACXXS  IN  THE  FRE8NEL-ZONE 


In  the  unified  dealgn  of  radome  scanner*,  diffraction  by  various 
obstacles  must  be  considered.  The  obstacles lincluding  the  metal  quadripod 
or  space-frame,  the  pitot  tube,  and  perhaps  an  infrared  system',  are 
located  in  the  near  none  of  the  antenna.  Some  information  has  been  obtained 
on  the  effects  of  these  obstacles  by  experimental  measurements,  but  a 
better  understanding  of  the  phenomenon  might  be  provided  by  a  theoretical 
analysis.  The  objective  of  the  study  is  to  produce  design  data  on  impedance, 
beamwidth,  gain,  sidelobe  level,  and  boresight  error  as  a  function  of 
antenna  sixe,  shape,  and  aperture  distribution,  and  obstacle  size,  shape 
and  position. 

With  this  objective  in  mind,  the  calculation  of  obstacle  diffraction 
patterns  was  programmed  for  an  IBM  704  digital  computer.  The  program 
permits  calculations  of  the  far-£Leld  pattern  of  an  antenna  in  the  presence 
of  a  metal  object.  The  required  input  data  are  the  aperture  fields  of  the 
antenna  and  the  location  and  cross-section  shape  of  the  obstacle.  The 
IBM  machine  starts  with  the  given  antenna  aperture  fields  and  computes 
the  field  that  would  exist  in  the  vicinity  of  the  obstacle  if  the  obstacle 
were  absent.  The  near-zone  integral  formulas  are  used  for  this  calcula¬ 
tion.  The  resulting  near-zone  data  may  be  printed  out  or  stored.  This 
part  of  the  program  has  considerable  interest  because  it  permits  a  study 
of  near-zone  field  distributions.  The  near-zone  data  can  then  be  fed  back 
into  the  IBM  machine  with  a  far-fileld  pattern  program  to  obtain  the 
diffraction  pattern. 

To  simplify  the  calculations  it  was  assumed  that  a  conducting 
obstacle  forces  the  tangential  electric  field  intensity  to  zero  on  the 
shadow  side,  and  does  not  disturb  the  tangential  electric  field  intensity 
elsewhere  on  a  plane  reference  surface  passing  through  the  obstacle.  To 
determine  the  conditions  under  which  this  simplified  computer  program 
is  accurate,  calculations  were  made  for  a  square  metal  plate  in  front  of 
a  point  source,  an  array  of  five  point  sources,  a  horn,  and  a  paraboloidal 
antenna.  Satisfactory  agreement  was  obtained  with  experimental  measure¬ 
ments. 


This  work  is  described  in  detail  in  Report  1180-5.  ^ 

Using  a  different  formulation  based  on  the  reciprocity  theorem,  a 
desk  machine  was  used  to  calculate  the  pattern  of  a  small  horn  in  the 
presence  of  a  metal  cylinder.  Excellent  agreement  was  found  on  comparison 
with  experimental  measurements,  although  the  cylinder  was  only  five  wave¬ 
lengths  from  the  horn.  Rather  poor  results  were  obtained  for  this  problem 
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on  the  computer  program  deecribed  above.  This  wae  to  be  expected* 
since  the  program  was  designed  for  thin,  plane  obstacles. 

To  analyse  the  effects  of  a  radome  supported  by  a  metal  quadripod, 
calculations  and  measurements  were  made  of  diffraction  by  a  metal 
cylinder  at  the  surface  of  a  plane  dielectric  sheet.  Good  results  were 
obtained  with  a  simple  theory  which  utilises  the  transmission  coefficient 
of  the  sheet.  An  attempt  is  being  made  to  extend  the  technique  to  cases 
where  the  cylinder  is  embedded  in  the  dielectric  sheet, 

A  report  will  be  issued  to  describe  these  developments. 


III.  ANALYSIS  AND  DESIGN  OF  INHOMOGENEOUS  RADOMES 

The  permittivity  of  most  radome  materials  changes  by  a  significant 
amount  when  the  temperature  is  increased  by  hypersonic  flight  through 
the  atmosphere.  The  outer  surface  of  the  radome  becomes  hotter  than 
the  inner,  resulting  in  a  continuous  variation  in  permittivity  even  if  the 
radome  was  designed  as  a  homogeneous  structure. 

Moreover,  new  techniques  of  radome  fabrication  may  make  it 
feasible  to  construct  continuously  Inhomogeneous  radomes.  This  can  be 
accomplished  with  variable  load^g  or  with  variable  density  foams. 
Alternatively,  a  multilayer  sandwich  having  many  thin  laminations  can 
form  an  adequate  approidmation.  These  structures  may  have  a  greater 
bandwidth  or  a  greater  range  of  incidence  angles  than  conventional 
radomes. 

Exact  solutions  in  closed  form  are  available  only  for  a  few  special 
cases  including  the  linear  and  exponential  inhomogeneities.  An  exact 
solution  for  more  general  cases  is  available  in  the  form  of  a  power 
series  expansion.  The  convergence  is  so  slow*  however*  that  this 
technique  is  not  practical  except  for  application  to  a  thin  layer. 

A  practical  solution  is  given  by  step>by-step  numerical  integration. 
This  involves  simple*  repetitive  calculations*  and  it  yields  the  phase  as 
well  as  the  amplitude  of  the  field  distribution  in  the  inhomogeneous  layer. 
When  the  solution  for  the  field  distribution  has  been  completed,  the  trans¬ 
mission  and  reflection  coefficients  are  readily  determined.  The  necessary 
equations  have  been  derived  for  both  perpendicular  and  parallel  polarization, 
and  these  were  applied  to  layers  having  linear  and  exponential  variations 
in  permittivity.  The  results  show  excellent  agreement  with  the  exact 
solutions. 
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An  equation  was  developed  for  the  error  in  step-by-step  numerical 
integration  as  a  function  of  the  step  sise.  This  is  useful  in  selecting  the 
step  size  when  the  allowable  error  is  specified .  If  the  fields  and  the 
transmission  coefficient  are  to  be  calculated  to  an  accuracy  within  one 
percent,  only  ten  steps  are  needed  for  a  half-wave  sheet  or  radome. 

The  solution  by  step-by-step  numerical  integration  is  discussed  in 
Report  1180-4 

It  is  suggested  that  step-by-step  numerical  integration  be  reserved 
for  problems  involving  large  permittivity  gradients,  since  the  WKB 
solution  is  advantageous  for  small  gradients.  The  WKB  solution  was 
employed  to  develop  simple  expressions  for  the  field  distribution  in  low- 
loss  inhomogenepus  layers.  These  expressions  are  accurate  if  the 
permittivity  is  a  slowly  varying  function  of  the  distance  from  the  surface 
of  the  layer,  and  they  reduce  to  the  exact  solution  for  a  homogeneous 
layer. 


The  corresponding  equation  for  the  transmission  coefficient  of  an 
inhomogeneous  layer  ( or  radome)  was  developed.  It  has  the  symmetry 
properties  required  to  satisfy  the  reciprocity  theorem  for  waves  incident 
on  opposite  surfaces  of  the  layer. 

Equations  were  derived  for  the  WKB  solution  for  parallel  and 
perpendicular  polarization.  Excellent  agreement  was  oWined  between 
the  WKB  solution  and  the  rigorous  solution  for  the  field  intensity  in  an 
inhomogeneous  layer  for  oblique  incidence,  and  for  the  transmission 
coefficient  at  normal  Incidence  over  a  broad  band  of  frequencies.  Accurate 
results  for  a  thin  layer  at  low  frequencies  can  be  expected  only  if  the 
initial,  final  and  average  permittivities  in  the  layer  do  not  differ  greatly. 

The  WKB  formulas  are  considerably  more  convenient  than  the  exact 
solution  (when  available)  or  step-by-step  numerical  integration.  They 
reduce  the  computation  time  and  effort  for  an  inhomogeneous  layer  to 
approximately  the  same  as  for  a  homogeneous  layer. 

The  application  of  the  WKB  technique  to  the  analysis  and  design  of 
inhomogeneous  radomes  is  discussed  in  Report  1180-7  *. 


IV.  RADOME  POWER-HANDIJNG  CAPACITY 

The  object  of  this  study  is  to  determine  the  conditions  that  may  lead 
to  radome  failure  at  high  power  levels.  Under  a  previous  contract  it  was 
found  that  the  electric  field  Intensity  in  a  homogeneous  radome  will  not 
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exceed  that  at  its  Burface*  insofar  as  plane-sheet  theory  applies,  (In 
practice,  this  result  is  modified  by  the  effects  of  radome  curvature, the 
presence  of  small  voids  in  the  radome,  and  surface-wave  excitation,} 
Therefore,  it  is  to  be  expected  that  corona  vill  occur  first  in  the  air  or 
plaszna  at  the  radome  surface. 

This  is  not  always  true  for  radome s  having  a  sandwich  constructioa, 
however,  or  for  a  solid  wall  with  thermal  gradients.  In  the  A  sandwich, 
the  field  intensity  in  the  core  generally  exceeds  that  in  the  surrounding 
air.  Furthermore,  the  dielectric  strength  of  the  core  is  relatively  low. 

An  analysis  was  made  of  the  maximum  field  Intensity  in  A 
sandwiches.  It  was  found  that  the  worst  case  occurs  under  the  following 
conditions:  perpendicular  polarization,  air  core,  quarter-wave  lossless 
skin,  large  angle  of  incidence.  For  example,  the  maximum  electric  field 
intensity  in  the  air  core  is  ten  times  the  iUeld  intensity  at  the  radome 
surface  if  the  skin  dielectric  constant  is  four,  the  angle  of  incidence  is 
eighty  degrees,  and  the  core  is  not  so  thin  as  to  miss  this  maximum. 

The  maximum  field  intensity  is  even  greater  if  the  skin  dielectric  constant 
or  the  angle  of  Incidence  is  increased.  However,  these  unfavorable 
conditions  are  seldom  met  in  practice  since  the  skin  is  ordinarily  thinner 
a  quarter  wavelength  and  the  core  dielectric  constant  is  ordinarily 
greater  than  unity. 

Techniques  were  also  developed  for  calculating  the  maximum  field 
intensity  in  continuously  inhomogeneous  layers,  such  as  a  radome  with 
a  thermal  gradient.  Examples  were  worked  out  using  step-by-step 
numerical  integration  (Report  1180-4  *)  and  the  WKB  solution  (Report 
1180-7  *)  in  which  it  was  found  that  the  electric  field  intensity  in  an 
inhomogeneous  radome  may  exceed  the  intensity  at  the  surface  by  a 
large  factor. 

It  appears,  however,  that  the  power  handling  capacity  of  a  radome 
is  ordinarily  limited  by  thermal  failure  rather  than  voltage  breakdovrxu 
( The  power  handling  capacity  of  the  radar  system  may  be  limited  by 
corona  or  voltage  breakdown  in  the  waveguide  which  feeds  the  antenna 
or  in  the  plasma  sheath  at  the  radome  surface.  The  electric  field 
intensity  in  the  waveguide  feed  is  usually  much  greater  than  its  peak 
value  in  the  radome.  Furthermore,  the  radome  generally  has  a  greater 
dielectric  strength  than  the  surrounding  plasma. )  The  heat  input  to  a 
radome  from  the  radar  transmitter  is  of  greatest  concern  when  the 
radome  is  close  to  thermal  failure  as  a  result  of  high-velocity  flight 
through  the  atmosphere.  A  few  general  rules  for  increasing  the  power 
handling  capacity  of  a  radome  are  listed  below. 
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a.  Uie  high-temperature  radome  materials. 

b.  Use  low-lois  radome  materials  to  reduce  the  heat  input. 

c.  Use  radome  materials  having  high  thermal  conductivity 
to  avoid  thermal  gradients  and  to  carry  the  heat  to  the 
surfaces. 

It  appears  that  the  steady-state  temperature  of  a  radome  can  be 
calculated  quite  readily  if  data  are  available  on  the  incident  power 
density,  the  thermal  conductivity,  the  loss  tangent,  the  dielectric 
constant  and  the  thickness. 


V.  TEMPERATURE-COMPENSATED  RADOMES 

The  objective  of  this  program  is  to  determine  those  radome 
designs  which  are  least  critical  with  respect  to  temperature  changes  and 
thermal  gradients. 

The  half-wave  solid-wsdl  radome  was  considered  first.  It  was 
found  that  a  radome  can  be  designed  for  good  performance  at  any  given 
uniform  temperature  or  temperature  distribution.  To  accomplish  this, 
a  compromise  must  be  made  with  respect  to  the  performance  at  other 
temperatures.  However,  the  radar  frequency  could  be  controlled 
automatically  by  thermal,  sensing  elements  in  such  a  way  as  to  maintain 
high  radome  performance  over  a  large  temperature  range. 

There  does  not  appear  to  be  any  method  of  compensating  for  the 
increased  loss  in  radome  materials  at  high  temperatures.  The  A 
sandwich  with  thin  skins  and  foam  core  may  be  advantageous  in  this 
respect.  The  attenuation  in  such  a  structure  remains  small  even  when 
the  loss  tangent  increases  at  high  temperatures.  The  skins  dissipate 
little  power  since  they  are  thin,  and  the  core  dissipates  little  power 
since  its  dielectric  constant  is  smsdl. 

Data  were  collected  from  seversd  organisations  on  the  dielectric 
constant  and  loss  tangent  of  various  materials  as  a  function  of  tempera¬ 
ture.  It  was  noted  with  interest  that  General  Electric  has  developed  a 
mica  laminate  that  is  stable  with  respect  to  dielectric  constant  and  loss 
tangent  up  to  llOO^F  or  higher.  It  is  possible  that  the  problem  of 
temperature  compensation  will  be  overcome  by  this  material  or  another 
stable  material  that  may  be  developed. 

The  techniques  described  in  Section  m.  **Analysis  and  Design  of 
Inhomogeneous  Radomes".  are  applicable  to  the  study  of  temperature 
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compensation.  Step-by-step  numerical  integration  and  the  WKB  solution 
are  particularly  useful  when  thermal  gradients  induce  a  significant 
inhomogeneity  in  the  radome. 


VI.  A  CIRCUIT  ANALOG  FOR  RADOME  STUDIES 

Under  a  previous  radome  contract  a  circuit  was  developed,  built, 
and  partially  tested  to  determine  its  possible  usefulness  in  radome 
studies.  The  circuit  consists  of  ten  T  sections  in  cascade,  each  section 
having  a  variable  shunt  capacitor  and  resistor  and  two  series  inductors. 
In  the  present  contract  period  several  additional  radome  problems  were 
set  up  on  the  circuit  analog.  The  measurements  agreed  well  with  theo¬ 
retical  calculations,  and  it  was  concluded  that  the  circuit  anadog  may  be 
useful  in  many  radome  studies.  In  particular,  it  permits  rapid  measure¬ 
ments  of  the  transmission  coefficients  of  solid  wadis,  sandwiches,  amd 
inhomogeneous  radomes  over  a  broad  range  of  frequencies.  Such  dada 
are  obtained  at  a  cost  much  less  than  that  of  digitad  calculations,  without 
the  necessity  for  fabricating  test  pauiels. 

This  circuit  analog  is  described  in  Report  1180-3 


Vn.  RADOME  SURVEY 

A  survey  was  made  of  state-of-the-art  advancements  in  radome 
design  theory  and  techniques.  Technical  reports  amd  the  Proceedings 
of  the  OSU-WADD  Radome  Symposia  were  studied  in  this  literature  survey. 
It  was  found  that  significant  developments  have  been  made  in  this  field 
since  the  issuance  of  "Techniques  for  Airborne  Radome  Design"  (WADC- 
TR-57-67) .  It  is,  therefore,  recommended  that  an  up-to-date  supplement 
be  produced  and  distributed. 


Vm.  LUNEBERG  LENSES  FOR  INTEGRATED  RADOME -SCANNERS 

The  purpose  of  this  study  was  to  determine  the  applicability  of 
two-dimensional  Luneberg  Lenses  to  radar  and  ECM  systems. 

A  study  was  made  of  the  radiation  patterns  of  such  lenses.  The 
two  dimensional  lenses  radiate  a  beaun  from  a  semicircular  aperture. 
The  beam  may  be  described  by  the  verticad  beam  cross-section  amd  the 
beaun  cross-section  through  the  beam  maximum  amd  orthogonal  to  the 
vertical  beam  cross-section.  The  phase  distribution  around  the  semi¬ 
circular  aperture  is  such  as  to  give  maximum  radiation  at  a  specified 
single  with  respect  to  the  plane  of  the  lens  rim. 
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The  principal  beam  croes>eectioaa  were  evaUuated  for  two  types 
of  amplitude  distributions  around  the  semicircular  aperture.  In  each 
type  of  distribution  a  family  of  patterns  is  obtained.  Each  particular 
pattern  is  derived  by  linear  combination  of  a  basic  set  of  patterns. 

Synthesis  methods  were  developed  to  obtain  a  specified  pattern  in 
the  vertical  plane.  It  was  shown  that  the  focusing  action  of  the  lens 
fixes  the  phase  distribution  in  the  aperture.  This  in  turn  sets  a  restriction 
on  the  radiation  patterns  obtainable  from  the  two-dimensional  Luneberg 
lens.  The  significance  of  this  limitation  was  considered. 

This  research  will  be  described  in  a  report  now  being  written. 

DC.  REPORTS  AND  PUBLICATIONS  ISSUED  UNDER  THIS  CONTRACT 

Antenna  Laboratory  Reports 

1.  Richmond.  J.H. .  *'A  Reaction  Theorem  and  its  Application  to 
Antenna  Impedance  Calculations'*.  Report  1180-1.  16  August  I960. 

2.  Charlton.  T.E. .  "The  Quadripod  Space  Frame  and  Antenna  System 
Performance".  Report  1180-2.  16  November  I960. 

3.  Richmond.  J.H. .  and  Ryan.  C.E. »  "A  Circuit  Analog  for  Radome 
Simulation".  Report  1180-3.  15  March  1961. 

4.  Richmond,  J.  H. .  "Transmission  Through  Inhomogeneous  Plane 
Layers",  Report  1180-4.  15  July  1961. 

5.  Richmond.  J.H. .  "The  WKB  Solution  for  Transmission  Through 
Inhomogeneous  Plane  Layers".  Report  1180-6,  15  September  1961. 

6.  Collier.  J.R. .  "Digital  Calculation  of  Diffraction  from  Aperture 
Blocking:",  Report  1180-5.  15  September  1961. 

7.  Finsd  Engineering  Report.  Report  1180-6.  16  September  1961. 
Published  Papers 

1.  Richmond,  J.H, .  "The  Numerical  Evaluation  of  Radiation  Integrals", 
I.R.E.  Transactions  on  Antennas  and  Propagation.  Volume  AP-9. 
Number  4.  July  1961. 

2.  Richmond,  J.H. . "A  Reaction  Theorem  and  Its  Application  to 
Antenna  Impedance  Calculations".  LR.E.  Transactions  on  Antennas 
and  Propagation.  Volume  AP-9.  Number  6.  November  1961. 
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